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Abstract 
Branching ratios of krypton ions were measured around the 2s edge using synchrotron radiation. The present results 
are compared with existing theoretical and experimental values. Collective effects of electrons in the 2s orbital 
might have a significant action. It is shown that one-electron photoionization is enhanced just below this inner-shell 
threshold. This is due to the fact that the transition of an inner shell electron changes the self-consistent field acting 
upon the outer electrons, allowing one or several of them to be ejected. This effect is very pronounced in krypton 
around the 2s edge, where a strong maximum in the seven-fold charged-ion yield occurs near the Kr 2s threshold. 
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1. Introduction 
The photo-absortion process gives rise to a transition between two states, where the photon energy determines 
to which excited state the transition takes place. This is due to the fact that the photon interaction with an atom is 
comparatively weaker than the interaction between the nucleus and the electrons and does not affect its states. 
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Consequently, photoionization is an advantageous tool for the investigation of atomic structure as compared with 
other processes involving charged particles. When a charged projectile is involved, the target becomes significantly 
polarized, in a such way that the information is acquired on the structure of the compound  system instead of the 
target itself ( [1]-[4]). 
Experimental branching ratios for fast proton and VUV photon impact on polyatomic molecules, have shown 
that as the proton energy increases, the more the fragmentation pattern resembles the corresponding photon impact 
spectra at lower energies.  For instance, at 2.0 MeV proton impact, the fragmentation pattern closely resembles the 
corresponding photon impact pattern at hν = 60 eV.  ([5] ). 
Charge state distributions of Ne atoms as a function of photon energy after K-shell vacancy have been 
previously reported by Santos, Homem and Almeida [2] . The authors have shown that multiple ionization of Ne 
atoms by 2000 eV electron impact occurs mainly via outer-shell ionization. In addition, it was anticipated that their 
methodology could be applied to more complex systems as well allowing one to obtain further knowledge on the 
several ionization pathways resulting in multiple electron removal in charged-particle interactions at high velocities. 
Due to the increasing number of electrons, Krypton provides a higher challenge to analyze the observed 
multiple ionization in terms of production mechanisms, in comparison to Ne atoms. We present experiments on the 
production of multiply charged krypton ions formed after the reorganization cascades subsequent to the production 
of single L1 edge vacancies in Kr.  
 
2. Experimental set-up 
The highly charged Kr ions were produced by monochromatized synchrotron radiation (SR). SR from the SXS 
beamline was dispersed to obtain monochromatic X-rays around the Kr 2s edge at the Brazilian Synchrotron Light 
Laboratory (LNLS) ([5],[6] ). A Willey and McLaren time-of-flight mass spectrometer (TOF) was used for charge 
analysis of the resulting ionic fragments.  The Photo-Electron-PhotoIon COincidence (PEPICO) technique [6]. is 
used to acquire the mass spectra, (see Fig. 1). The vacuum chamber base pressure is usually maintained to the order 
of 10-8 Torr. The partial ion yields (PIY) were obtained by recording the ions produced after interaction of the 
linearly polarized light with krypton atoms at x-ray photon energies. During the experiment, the pressure is kept 
constant around 10-5 Torr. The ejected electrons are accelerated in the opposite direction and recorded without 
energy analysis by two other micro-channel plate detectors and give rise to the start signal to the coincidence 
electronics.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 -  Sketch of the time-of-flight apparatus. Electrons and photoions are removed from the interaction region by an intense electrostatic field 
(750 V/cm) which drives the electrons straight into the microchannel (MCP) detector, and the photoions into a Willey and McLaren type  time-
of-flight mass spectrometer (TOF) for the mass-to-charge analysis. 
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3. Results and discussions 
Using the procedures outlined, relative yields for single and multiple ionization of krypton atoms were 
measured. The mass spectrum at 1920.5 eV, corresponding to 2s-1 (L1 shell) excitation process,  is shown in Figure 
2. A significant achievement of the present experimental investigation is the measurement of charge distributions of 
krypton ions around the Kr 2s edge. We show that one-electron photoionization is enhanced just below and just 
above this inner-shell thresholds. This is due to the fact that the transition of an inner shell electron changes the self-
consistent field acting upon the outer electrons, allowing one or several of them to be ejected. This effect is very 
pronounced in krypton around the 2s edge, where a strong maximum in the seven-fold charged-ion yield occurs near 
the Kr 2s threshold.  
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Figure 2: Mass spectrum of krypton at 1920.5 eV corresponding to 2s-1 (L1 shell) excitation process. 
From the mass spectra, the partial ion yields of krypton ions as a function of the photon energy are obtained 
by integration of the corresponding peaks. The ratios of multiply to single ionization events ions are given by 
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where Iq+ and I+ are the peak areas of the ions with charge states q+ and 1+, respectively, and Hq+ and H+ are the 
corresponding detection efficiencies. We have observed strong variations in the photoionization branching ratios 
around the Kr 2s shell. The probabilities of multiple ionization are, in general, higher than the corresponding 
probabilities of single ionization. This is due to the direct interaction existing between atomic electrons (electron 
correlation) and is significantly important for the photon energies considered in this paper.   
Figure 3 shows the partial ion yield of Krq+ ions following L1-shell vacancy production as a function of the 
X-ray energy. The L1L2M and L1L3N Coster-Kronig transitions are the most probable processes for the de-excitation 
of L1 vacancies [7] . In the present energy range, the relative fractions exhibit a weak dependence on the photon 
energy. For instance, the yield of Kr7+ ions varies from 37.9 % at 1900 eV to 50.7 % at 1924 eV, which is larger 
than some previously measured data of 40 % from [8]  that was performed by using photons from a filtered X-ray 
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and 35 % from [7] . This fact was analyzed by Short et al. [9]  who found higher low-q abundances than Carlson et 
al. [8] . These discrepancies may be associated to the difficulties on the discrimination for the ionic charge state, the 
detection efficiencies, the difficulties to define the optics due to impurity photons into the incident beam that can 
introduce bad alignment of the optical system, and the dependence of the signals on the density of the sample gas in 
a gas cell and so for the derived the cross-section. Saito and Suzuki [10]  have shown that mean charge deviation 
from the correct experimental values of noble gases increases slightly with the pressure, which was correctly 
explained as the increasing in the charge transfer at higher pressures. In a comprehensive study Bruce and Bonham 
[11]  and Tarnovsky and Becker [12]  discussed all possible systematic errors in the determination of cross-sections 
by electron impact with regard to the ratio of double to single charged argon ions. The present data were acquired 
under the light of the suggested precautions of the two above-mentioned papers. 
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Figure 3 – Cross sections ratios of multiple to single photoionization of Krq+ ions as a function of the X-ray energy around the Kr 2s shell 
 
Figure 3 also shows the average recoil ion charge Qave of Kr ions, determined by weighing the 
corresponding partial ion yields around the L1 edge as a function of the photon energy  
¦  
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It was observed that the average charge state after the de-excitation of inner-shell holes becomes larger with 
increasing atomic number as compared with lighter targets such as Ne [2] , and Ar [6] . This is attributed to the 
increasing complexity of the atomic structure and the increasing number of available non-radiative transitions [7] . 
The most striking feature in Figure 3 is that the average charge shows a quick rise with photon energy from the 
resonance up to the IP.  
 Figure 4 shows the charge state distributions of the krypton ions after L1-shell vacancy with theoretical [7]  
and experimental values [8]  using photons from a filtered X-ray tube. The spectra are very broad, presenting a 
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minimum at q= 2 and a maximum at q = 7. This very specific behavior of the charge state distributions is ascribed to 
the fact that the emission of electrons during de-excitation is accompanied by a shift of energy levels inducing the 
opening or closing new Coster-Kronigs channels. In addition, for larger target atomic number, the occupation 
number changes from shell to shell, opening or closing new Coster-Kronig channels [7].  
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Fig. 4 – Charge state distributions after L1-shell vacancy on Kr. Circles, E = 1924 eV this work; Triangles, theoretical probabilities [7] ; Squares, 
experimental values of Carlson, Hunt and Krause [8]  using low resolution photons from a filtered X-ray tube. 
  
Conclusions  
In conclusion, we have measured the charge state distributions of Kr ions following photoionization around 
the Kr L1 edge using monochromatic synchrotron radiation.  The present results have been compared and found to 
be in favourable agreement with available theoretical and experimental values. The slight discrepancies between the 
present results and previous experimental and theoretical data might be ascribed to the spectrometer detection 
efficiencies and assumptions in the theoretical calculations.   
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